Proton-ATPases are among the most important prmary ion pumps in nature. There are three classes of these enzymes which are distinguished by their structure, function, mechanism of action, and evolution. They function in ATP formation at the expense of a protonmotive force generated by oxidative and photosynthetic electron transports, maintaining a constant pH in the cytoplasm, and forming acidic spaces in special compartments inside and outside the cell. The three classes of protonATPases evolved in a way that prevents functional assembly in the wrong compartment. This was achieved by a triple genetic system located in the nucleus, mitochondria and chloroplast, as well as delicate control of the proton pumping activity of the enzymes. a single polypeptide of 100 kD that appears to cross the membrane 10 times with most of the hydrophilic parts facing the internal side ofthe membrane. While the function ofthe enzyme is probably restricted to the cell membrane, like most of the membrane proteins, the site of synthesis of it is on the endoplasmic reticulum. Following synthesis and posttranslational processing the enzyme is transported to the cell membrane via part of the secretory pathway ( Fig. 1 
a single polypeptide of 100 kD that appears to cross the membrane 10 times with most of the hydrophilic parts facing the internal side ofthe membrane. While the function ofthe enzyme is probably restricted to the cell membrane, like most of the membrane proteins, the site of synthesis of it is on the endoplasmic reticulum. Following synthesis and posttranslational processing the enzyme is transported to the cell membrane via part of the secretory pathway ( Fig. 1) . Although it may serve as temporary proton pump on its way out, in most cases it should be inactive during its transport. This regulation may be achieved by a specific requirement for phospholipids that are more abundant in the plasma membrane or by a control imposed by phosphorylation of the enzyme by protein kinase.
Sequencing analysis of the plasma membrane proton-ATPases in comparison with other E,-E2 enzymes, revealed small stretches with quite extensive similarities especially in the suspected ATP
The vital function of proton concentrations in homeostasis was the first to be recognized, and in the last two decades the crucial role of protonmotive force in bioenergetics was clearly demonstrated. Proton during the biogenesis of these enzymes. Reports on function of these enzymes outside mitochondria or chloroplasts proved to be wrong (16) .
The , subunit of the catalytic sector contains the active site of the enzyme. This subunit is also the most conserved one, and this was evident from immunological cross-reactivity of protonATPases from E. coli through chloroplasts up to mammalian mitochondria (20) . Recently this observation was extended to archaebacteria, suggesting that the eubacterial-type proton-ATPase evolved from an ancestral enzyme of archaebacteria (7) . Sequence data revealed that the DNA and amino acid sequences ofthe , subunits from various sources are remarkably preserved during evolution from eubacteria up to the organelles of higher organisms. Moreover, the genes coding for the chloroplasts proton-ATPase exist in the same order in the chloroplast DNA as in the operon ofE. coli (6) . There are very few examples in which evolution left so many footprints in a single system. Therefore, it is likely that this class of proton ATPases evolved from a common ancestral gene that can be traced back to archaebacteria (Fig. 1) .
THE VACUOLAR-TYPE PROTON-ATPases As shown in Figure 1 , the vacuolar type enzyme is the most diversified proton-ATPase in eukaryotic cells. It is present in lysosomes, plant and fungal vacuoles, the Golgi complex, clathrin-coated vesicles, synaptic vesicles, several secretory granules, and probably other organelles that are yet to be discovered (2, 4, 8, 9, 13, 14, 18, 23). The proton-ATPases function in a controlled acidification of the interior of the organelles and formation of a positive membrane potential inside. Since the stoichiometry of the proton pump is probably 2 H+/ATP, at equilibrium a ApH of over three units should be formed. Yet the most common ApH is about 1.5 units, and a kinetic control should be imposed on this class of proton-ATPases in order to prevent them from reaching thermodynamic equilibrium resulting in overacidification of the organelles (2, 14) . This control may be achieved by ATPase inhibitors, specific requirement for phospholipids, and loosely coupled mechanism of proton pumping modulated by factors such as various anions. The proton pumping activity of the vacuolar ATPases is enhanced by Cl-ions and inhibited by nitrate. The ATPase activity ofthe same enzymes is less sensitive to these anions, a manifestation of the loose coupling between these two processes. Except for the inhibition by nitrate, vacuolar ATPases are inhibited by N-ethylmaleimide and unlike the plasma membrane enzymes they are not sensitive to vanadate.
The vacuolar ATPases are composed of 3 to 8 different polypeptides tightly bound to each other and are not disrupted by treatment ofEDTA. The site ofsynthesis ofthis class ofenzymes is on the endoplasmic reticulum. It is not known precisely where each one ofthese enzymes is assembled, but they are likely to be assembled in the Golgi, and after sorting, to be transported to the target membranes. In some organelles such as the plant vacuole the enzyme may stay in the same compartment during the lifetime of the membrane, while in others such as secretory granules it may be temporarily disposed of on the plasma mem- (13) . During transport, exocytosis, and recycling, the activity of the enzyme must be controlled to prevent proton pumping into spaces that should not be acidified. Figure 1 depicts proposed evolutionary pathways for the three classes of proton-ATPases. The vacuolar proton-ATPase is a landmark for the secretory pathway of eukaryotic cells. It was detected and partially purified from several organelles connected with this system (2-4, 8, 9, 13, 14, 23, 24) . Table I depicts a probable subunit structure of the enzyme from various sources (see Refs. 3 and 13 for more detail). The enzyme from chromaffin granules and clathrin-coated vesicles contain a subunit of 1 15 kD that binds dicyclohexyl-carbodiimide (DCCD) and ATP, and may play an important role in the catalysis, assembly, or sorting out of these enzymes (14, 24) . Another subunit of about 70 kD is present in the enzymes from all of the sources and it was implicated in the catalysis of ATPase and/or proton pumping activity of the enzyme (8, 14, 18 ). An immunological crossreactivity among polypeptides of about 70 kD from various sources was reported (10, 18) . The polypeptide of 115 kD was not detected so far in enzyme preparations from plant and fungal sources. If indeed it is not present there, it cannot be as important as the 70 kD polypeptide for the catalytic activity of the enzyme. However, the 1 5 kD subunit is easy to miss due to its sensitivity to proteolytic enzymes and its tendency to aggregate at elevated temperatures even in the presence of SDS. So far the common denominator of this class of proton-ATPases is the existence of a DCCD-binding proteolipid which may be analogous, but not homologous, to the eubacterial one (22) . However, conclusions on its evolutionary origin can only be drawn when the sequences of these polypeptides become available.
An ATPase enzyme was detected and partially purified from the archaebacterium Halobacterium halobium (15) . The polypeptides present in the preparation and the sensitivity to nitrate and N-ethylmaleimide suggested a relation to the vacuolar-type ATPase. Since the vacuolar type and the eubacterial type operate without phosphoenzyme intermediate they are likely to share some common features such as utilizing proteolipid and multinucleotide binding sites. These features cannot be taken as an indication for common evolutionary pathway. It is tempting to suggest that the vacuolar ATPases evolved together with the vacuolar system from archaebacteria and perhaps protoeukaryot (Fig. 1) . It may be that the origin of the eubacterial type ATPase is also archaebacteria which may be evolutionarily very distant from the one that was bearing an ancestral gene for the vacuolar type enzyme. The vacuolar type ATPases may have segregated into a few subclasses quite early in evolution. Thus, the enzymes present in catabolic vesicles such as lysosomes and plant vacuoles may be somewhat different from those that function in receptor mediated endocytosis and those present in secretory granules. Therefore, it is of immense importance to reveal the relations among these enzymes via thorough study of their molecular biology.
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